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ABSTRACT
Pulsed field gel electrophoresis (PFGE) is capable of
resolving a wide size range of DNA molecules which
would all co-migrate in conventional agarose gels. We
describe pulsed field gel conditions which permit DNA
fragments of up to 250 kilobases (kb) to be separated
in only 3.5 h. The separations, which employ
commercially available gel boxes, are achieved using
conditions which deviate significantly from traditional
pulsed field conditions. PFGE separations have been
thought to require reorientation angles greater than 900
to be effective. However, reorientation angles of 900
and even less will resolve DNA fragments a few
hundred kb and smaller - 5 x faster than with standard
pulsed field conditions. The mobility of DNA fragments
separated with 900 reorientation angles is switch time-
dependent, as is seen for DNA run with the commonly
used reorientation angle of 1200. With DNA fragments
of several hundred kb and smaller, higher field
strengths may be used, resulting in still greater
increases in separation speed. The conditions
described allow DNA from large insert bacterial clones,
such as those using cosmid, Fosmid, P1, bacterial
artificial chromosome (BAC), or P1-derived artificial
chromosome (PAC) vectors, to be prepared, digested
and analyzed on gels within a single working day.
INTRODUCTION
During conventional agarose gel electrophoresis, in which the
electric field induces DNA to migrate in a constant direction,
all DNA molecules larger than - 15-25 kb DNA migrate with
nearly identical mobility. In contrast, pulsed field gel
electrophoresis (PFGE) produces size-dependent mobility for
large DNA molecules (up to 10 Mb) in agarose gels (1,2). PFGE
produces this by causing the DNA to periodically alter its
direction of migration, through regular changes in the orientation
of the electric field with respect to the gel. With each change
in the electric field orientation, the DNA must realign its axis
prior to migrating in the new direction (3,4). Thus, the path taken
by DNA molecules during PFGE consists of a number of short
steps, each taken in the direction of the switching electric fields.
Electric field parameters, such as the direction, intensity, and
duration of the alternating electric fields, are set independently
for each of the different fields and are chosen so that the net
migration of the DNA is down the gel. The difference between
the direction of migration induced by each of the electric fields
is referred to as the reorientation angle and corresponds to the
angle that the DNA must turn as it changes its direction of
migration each time the fields are switched.
The majority of pulsed field gel separations are performed in
gel boxes which use a hexagonal array of 24 electrodes to produce
homogeneous electric fields, the CHEF gel box (5). In early
CHEF-type gel boxes the reorientation angle was fixed at 1200
(5). However, for pulsed field gel boxes which alter the
orientation of the field mechanically (6,7), or electronically by
independent control of the electrodes (8), the reorientation angle
can be varied by the user. It has been shown for large DNA
molecules, such as yeast chromosomes, that as the reorientation
angle is narrowed, for example from 1200 to 1060, the migration
rate of DNA down the gel is increased (9). This observation has
allowed separation times for slow moving megabase (Mb) DNAs
to be significantly shortened (8). However, this approach has not
been systematically evaluated with regard to separation of smaller
DNA molecules.
The development of bacterial cloning systems capable of
maintaining fragments of a few hundred kilobases has stimulated
interest in methods for the rapid analysis of such segments
(10-12). These fragments, while at the small end of the size
range for which PFGE is effective, still cannot be resolved in
conventional, i.e. non-pulsed, gels. We have examined the
electric field parameters which govern the migration of smaller
DNA fragments in pulsed field gels to determine ways to increase
the speed of separation. Fast separations can be obtained using
conditions which deviate significantly from those in use for larger
DNA molecules.
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MATERIALS AND METHODS
All gels were 1% SeaKem LE agarose (FMC BioProducts,
Rockland, ME), cast and run in 0.5 xTBE (with 1 xTBE being
89 mM Tris -borate, 25 mM EDTA) at 140C unless otherwise
noted. 0.5 xTAE, which was used for Figure 4B and C, is 20
mM Tris -acetate, 0.5 mM EDTA. Electrophoresis was
performed in the CHEF Mapper and the DRIl gel boxes (Bio-
Rad Laboratories, Richmond, CA). Note that the DRI is not
capable of generating reorientation angles of < 900. Size markers
employed were the 1 kb ladder and High Molecular Weight
markers (Life Technologies, Gaithersberg, MD), a 5 kb ladder
(Bio-Rad Laboratories) and Low-Range, Mid-Range I, and Mid-
Range II markers and lambda ladders from New England Biolabs
(Beverly, MA). Following electrophoresis, gels were stained with
ethidium bromide (1 ytg/ml) and photographed using Polaroid
type 55 positive/negative film. Typical exposures for this slow
flm (ASA 50) were 60 s. Distance migrated from the well was
measured from the negatives.
Fosmid and BAC mini-preps were carried out using an aLkaline
lysis mini-prep technique (Sheng et al., manuscript in preparation)
on 1.5 ml of overnight culture. DNA was resuspended in 20 ,ul
of TE (10 mM Tris, 1 mM EDTA, pH 8.0) and restriction
digestions were performed according to the protocol of the
supplier of the enzymes (New England Biolabs). Reactions of
20 tl containing 5 il of mini-prepped DNA and 3-5 units of
enzyme were incubated for 1.5 h at 370C.
RESULTS
Reorientation angles for separating small fragments
Figure 1 shows the mobility of DNA fragments when identical
samples of from 1 to 50 kb were separated in pulsed field gels
using reorientation angles ranging from 1200 down to 750, and
otherwise identical conditions. For comparison, the mobility of
these fragments in a conventional, i.e. non-switched, gel is also
shown. Each of the pulsed field gels, including those using a 900
and 750 reorientation angle, is able to resolve a wider size range
ofDNA than is the conventional gel. Further, as is true for larger
fragments, the mobility increases as the reorientation angle is
reduced. For example, the 30 kb fragment migrates nearly twice
as fast when separated using 750, and 50% faster when separated
using 900, compared to the 1200 reorientation angle gel. Clearly,
separation of small DNA fragments can be accomplished faster
through the use of smaller reorientation angles.
While none of these pulsed field gels produces the rapid
mobility of the conventional gel, in which the DNA is always
moving straight down the gel, the conventional gel is unable to
resolve fragments larger than about 15 kb. It is also apparent
from Figure 1 that as the reorientation angle is reduced, the size
range of the fragments being resolved is progressively reduced
as well. With the 1 s switch interval and other conditions
employed here, the entire set of fragments in the 1-50 kb sample
are well resolved in both the 1200 and the 1050 gels. However,
the 900 gel fails to resolve fragments above 35 kb, while the
750 gel fails to separate fragments larger than 30 kb.
Dependence of mobility on switch interval
While we observed large increases in the speed of separation
resulting from reduced reorientation angles, they are accompanied
by a reduction in the size range of fragments which can be
separated. Changes in reorientation angle have been noted to alter
the size range of separation for large DNA fragments as well
(13). In pulsed field gels, the primary determinant of the size
range which can be separated is the switch interval (1,7,9). If
the size range of small (<50 kb) DNA separated with
reorientation angles of around 900 is also governed by the
selection of the switch interval, we may be able to take advantage
of the speed afforded by reduced angles while still being able
to govern the size range being separated. The relative mobility
ofDNA fragments ranging from 1 to 50 kb separated with a 900
orientation angle using several different switch intervals is shown
in Figure 2. The mobilities of the fragments in these gels are
modified by the changes in switch interval. Thus, as with larger
DNAs, as the switch interval is lengthened, the size range of
fragments which can be resolved is increased, though as indicated
by the change in the slope of the mobility curve, the resolution
of these fragments is altered. The 0.6 s gel separates fragments
only up to 30 kb, while the 1.4 s gel separates all the fragments
up to 50 kb. Note that with such short switch intervals, large
differences in migration result from very small absolute changes
in switch interval (Fig. 2).
Increased migration rate with higher voltage gradients
In addition to the reorientation angle, other factors are known
to influence the rate of migration in pulsed field gels (9,13,14).
Perhaps the most significant of these factors for separating small
DNA fragments is the electric field strength, since small
fragments can migrate under much higher voltage gradients than
can be used for the PFGE resolution of large fragments (15,16).
Figure 3 shows a comparison of the mobility of 1-50 kb DNA
separated using a 900 reorientation angle and a 0.8 s switch
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Figure 1. Pulsed field gel mobility of 1-50 kb DNA separated with different
reorientation angles. DNA fragments consistng of 1 kb ladders and High Molecular
Weight markers were run in each of the experiments using 1% LE agarose gels
in 0.5 xTBE at 14°C using fields of 6 V/cm and a 1 s switch interval. Mobilities
of fragments (cm/h) run in gels using reorientation angles of 1200 (V), 1050
(A), 90° (0), and 750 (o) are shown. In addition, fragment mobilities from
a gel run with a static field of 6 V/cm (i.e. a non-pulsed field gel) are also shown
(+). Run durations for the different gels were: 1200, 6 h; 1050, 900 and 750,
5 h; non-switched gel 3.5 h.
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interval with fields of either 6 (as was used for Figures 1 and
2) or 9 V/cm. All fragments show a dramatic increase in mobility
at the higher field strength. For example, the 30 kb fragment
migrates 2-fold faster at 9 compared to 6 V/cm.
With the increased field strength, the size range of resolved
fragments is also altered; the 6 V/cm gel does not effectively
separate fragments larger than 30 kb, while the 9 V/cm gel
separates fragments up to 50 kb. This again mirrors the situation
for pulsed field migration of larger DNA.








Figure 2. Influence of switch interval on PFG mobility for separations carried
out using 900 reorientation angles. Relative mobilities are shown for DNA
fragments run for 5 h in 1% LE agarose gels in 0.5 xTBE at 14°C using fields
of 6 V/cm and a 90° reorientation angle. Switch times used were, 0.6 s (A),
0.8 s (0), and 1.4 s (V). Mobilities are shown relative to the 1 kb fragment.
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Figure 3. Increased pulsed field gel mobility with increasing field strength for
1-50 kb fragments separated using 900 reorientation angles. Mobilities (cm/h)
are shown for gels run at 6V/cm (A) or 9 V/cm (0). Gels were 1% LE agarose
in 0.5 xTBE at 14WC using a 0.8 s switch interval. Run durations were: 6 V/cm,
5 h; 9 V/cm, 3.5 h. At 6 V/cm the 1 kb fragment migrated at 1.61 cm/h. At
9 V/cm the 1 kb fragment migrated 2.58 cm/h.
Rapid separation of fragments up to 25 kb
To demonstrate the usefulness of these principles in separating
DNA of experimental interest, we carried out electrophoresis of
DNA samples in several distinct size ranges. First, we digested
a series of overlapping Fosmid clones with Hindm and ran the
fragments in pulsed field gels using a 900 reorientation angle.
Fosmid clones, like cosmids, are generated using lambda
packaging extracts, and thus contain inserts averaging 40 kb (17).
Figure 4A shows the separation obtained with a run time of 2.5
h. This degree of resolution is more than sufficient to verify that
these clones overlap, by virtue of the presence of shared bands.
In addition, note that Hindm digestion of each of the different
samples yields large fragments which would not be resolved or
sized without the use of pulsed fields. Accurate estimation of the
total length of the cloned DNA requires determination of precise
sizes for these large fragments.
Rapid separation of BAC clones
To assess our ability to separate larger fragments, we digested
DNA from BAC clones containing human sequences. NotI
excises the inserts from the vector in these clones, and therefore
is used to establish the length of cloned fragments. Figure 4B
shows a gel run in 3.5 h using a 900 reorientation angle and fields
of 9 V/cm to analyze clones containing inserts ranging up to - 75
kb. The markers in this gel show clear separation from 4 kb to
beyond 100 kb. This size range represents that encountered in
analysis of phage P1 clones.
Finally, Figure 4C shows separation of even larger BAC clones
performed in 3.5 h. Bands from both the BAC vector (7.3 kb)
and the BAC inserts, which range up to 200 kb in this gel, are
extremely clear and sharp. This gel is able to resolve clearly bands
of the lambda ladder size marker up to 250 kb. Separation of
such large fragments is carried out using a reorientation angle
of 100°, instead of the 900 reorientation angle used for the smaller
fragments in Figure 4A and B. In addition, this gel was cast from
extra-low EEO agarose (SeaKem Gold), which is known to
increase the migration rate of larger DNA during PFGE (18).
These gel conditions will serve to distinguish BACs which differ
in size by small amounts, or those which have very different NotI
digestion patterns due to differences in the number or spacing
of NotI sites within the cloned segment.
DISCUSSION
Role of the reorientation angle in pulsed field separations
Pulsed field gel electrophoresis involves many more variable
parameters than does conventional agarose electrophoresis. Over
time, the influence of each of these variables has come under
investigation. The role of the angle between the alternating electric
fields has received relatively little attention, in part because this
angle is fixed at 1200 in early versions of the widely used
homogenous-field gel boxes. Significant increases in speed can
be obtained though changes in the reorientation angle.
Reorientation angle appears to influence DNA migration in much
the same way that all other known variables do, namely changes
in reorientation angle alter both the speed of migration, the size
range separated, and the resolution obtained for any given
separation (13). Early reports suggested that there was a fmiite
limit to the changes which could be made in the reorientation
angle. Specifically, it was shown that a 900 reorientation angle
was ineffective for separating yeast chromosomes when all other
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conditions were held the same (1). Further, a model was proposed
to explain the inability of DNA to be resolved with a 900
reorientation angle (7). Subsequent work has shown these views
to be simplifications. For example, a pulsed field system making
exclusive use of 90° reorientation angles was able to resolve large
DNA (19). Using a pulsing regimen comprised of repeating
cycles of many different electric fields, we have achieved
resolution of yeast chromosomes using angles smaller than 900
(B.Birren and E.Lai, unpublished observations). In fact,
reorientation angle resembles other pulsed field parameters such
as voltage, for which selection of an appropriate value depends
on the size range of the DNA being separated. A much wider
range of voltages are effective for separating smaller (< 250 kb)
DNA than can be used for large DNA. Similarly, a wider range
of angles is apparently tolerated for separating small DNA
molecules. Thus, the widely used reorientation angle of 120°
represents just one point on a continuum of reorientation angles
which are effective in pulsed field gel separations.
Other parameters increasing separation speed for these
fragments
In addition to manipulating the reorientation angle we have
employed additional changes in gel conditions to increase the
migration rate for these small DNAs. In fact, the gel shown in
Figure 4C differs in nearly every condition from those employed
for separation of larger molecules. For example, we normally
separate Saccharonyces cerevisiae chromosomes in gels of 1 %
A
low electroendosmosis (low EEO) agarose run in
0.5 xTris-borate buffer. In contrast, for a gel such as that shown
in Figure 4C we have used a lower agarose concentration, agarose
with a reduced EEO, a different buffer and a lower buffer
concentration. Each of these changes will incrementally increase
the rate of DNA migration (13). By far the greatest increase in
the speed of these separations has been obtained by increasing
the electric field strength. While decreasing the reorientation angle
from 1200 to 900 increases the mobility of the 30 kb fragment
by 50%, this rate is nearly doubled by the increase in field
strength from 6 to 9 V/cm. The size-dependent effects of field
strength which require low voltages for very large DNAs (15,16)
permit very high field strengths to be used for smaller fragments
(20).
We have employed fields of only 9 V/cm in this work, having
used commercially available gel boxes, yet undoubtedly further
increases could be obtained with yet higher field strengths. Fields
as high as 50 V/cm have been successfully used for pulsed field
separations of small DNA fragments (20). In this regard, we are
clearly limited by the currently available hardware. The PACE
gel box (8), as well as the Bio-Rad DRHI and CHEF Mapper,
are only able to generate fields up to 9 V/cm. The Bio-Rad DRII,
which does not offer variable reorientation angles, is also not
capable of providing field strengths greater than 6 V/cm, and
therefore is not appropriate for the separations we describe. We
anticipate that subsequent generations of pulsed field hardware
will make higher field strengths available. It should also be noted
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Figure 4. Separations of experimental samples using low reorientation angles. (A) 2.5 h separation of fragments up to 25 kb. Fosmid DNAs from mini-preps were
cleaved with Hindm and loaded onto a 1% LE agarose gel in 0.5 xTAE. Markers included a 1 kb ladder on the left, lane 1, and a 5 kb ladder on the right. The
gel was run at 14°C for 2.5 h using fields of 9 V/cm, a switch interval of 0.4 s, and a reorientation angle of 900. The 1 kb marker fragment has migrated 8.1
cm from the well. (B) 3.5 h separation of molecules up to 100 kb. Mini-prepped BAC DNA was cleaved with NotI to excise the inserted segment of human DNA.
Digested DNA was run at 14°C, for 3.5 h in a 0.8% gel of SeaKem LE in 0.5 xTAE, with a 900 reorientation angle using fields of 9 V/cm and a switch interval
of 2 s. The far left lane contains lambda ladders, and the Mid-Range I marker of New England BioLabs is immediately adjacent. The far right lane contains the
Low-Range marker, with the Mid-Range II immediately adjacent. Lanes 1-4 contain DNA from different BAC clones. The BAC vector band of 7.3 kb is visible
in all lanes, and has migrated 7.8 cm from the wells. (C) 3.5 h separation of molecules up to 250 kb. Mini-prepped BAC DNA was cleaved with NotI to excise
the inserted segment of human DNA. Digested DNA was run for 3.5 h in a 0.8% gel of FMC Gold Agarose in 0.5 xTAE, with 1000 reorientation angles using
fields of 9 V/cm and a switch interval that was linearly ramped from an initial value of 3 s to a final value of 5 s. Lambda ladders were run in the left lane as
size markers. Lanes 1-4 contain BACs of - 120, 100, 190 and 150 kb. The BAC vector band of 7.3 kb is visible in all lanes. A ruler indicates distance (cm).
1
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that the rotating gel, or rotating electrode, gel boxes, that do offer
variable angles, are not capable of switching at the high rates
needed for these separations.
As with the pulsed field separation of larger DNA fragments,
all changes which alter the rate of migration also alter the size
range and the resolution of the separation. This is clear from
Figures 1 and 3, in which the changes in reorientation angle and
field strength change the size limit of the fragments that can be
successfully separated in the gels, as well as the slope of the
curves, which reflects resolution. To compensate for these
unintended effects resulting from our optinization for speed, we
have altered the switch interval used for the separations. An early
review by Carle and Olson described the brinkmanship of
selecting pulsed field gel conditions (21). The gel conditions
described here place the gels even closer to the 'brink' of
disappointment than is commonly encountered during traditional
pulsed field separation of larger molecules. Thus, a very narrow
window of conditions is effective for separating a desired size
range. This is especially true for the switch interval, since a
seemingly small change in the switch interval leads to a failure
to separate the fragments as required (see Figure 2). In addition,
since all the other parameters related to pulsed field migration,
such as temperature, buffer type and concentration, agarose type
and concentration, etc., will also affect resolution, seemingly
minor variation or inattention to these variables may likewise
prevent optimal separation of the desired size range. Finally, it
should be pointed out that the resolution seen with these gels is
not as high as that obtained with traditional slower pulsed field
gel conditions. However, as demonstrated, the resulting bands
are sharp, the resolution is more than adequate for many
applications and the increased speed often make these the
conditions of choice.
11. Shizuya, H., Birren, B., Mancino, V., Slepak, T., Tachiiri, Y., Kim, U.-
J., and Simon, M. (1992) Proc. Natl. Acad. Sci. USA 89, 8794-8797.
12. Ioannou, P.A., Amemiya, C.T., Games, J., Kroisel, P.M., Shizuya, H.,
Chen, C., Batzer, M., and de Jong, P.J. (1994) Nature Genet. 6, 84-89.
13. Birren, B.W., Lai, E., and Hood, L. (1989) Electrophoresis 10, 302-309.
14. Mathew, M.K., Smith, C.L., and Cantor, C.R. (1988) Biochemistry 27,
9204-9210.
15. Vollrath, D. and Davis, R.W. (1987) Nucleic Acids Res. 15, 7865-7876.
16. Smith, C.L., Matsumoto, T., Niwa, O., Klco, S., Fan, J.B., Yanagida, M.,
and Cantor, C.R. (1987) Nucleic Acids Res. 15, 4481-4488.
17. Kim, U.-J., Shizuya, H., de Jong, P., Birren, B., and Simon, M. (1992)
Nucleic Acids Res. 20, 1083-1085.
18. Kirkpatrick, F.H., Dumais, M.M., White, H.W., and Guiseley, K.B. (1993)
Electrophoresis 14, 349-354.
19. Bancroft, I. and Wolk, C.P. (1988) Nucleic Acids Res. 16, 7405-7418.
20. Wagner and Lai,E. (1994) Elctrophoresis in press.
21. Carle, G.F. and Olson, M.V. (1987) Methods Enzymol. 155, 468-482.
ACKNOWLEDGEMENTS
We would like to thank Yuling Sheng for expert technical
assistance and Sue Klapholz for her critical reading of the
manuscript and suggested improvements. B.W.B is supported
by the NCHGR, HG00934. E.L. is supported by grants from
the North Carolina Biotechnology Center Academia Research
Initiation Grant Program, The Whitaker Foundation
NEF # 9016214 and NIH, HG00707. This work was supported
in part by a grant from the US Department of Energy, DE FG03
89ER60891, to Melvin I.Simon, and we thank him for his support
and encouragement.
REFERENCES
1. Schwartz, D., Saffran, W., Welsh, J., Haas, R., Goldenberg, M., and Cantor,
C.R. (1982) Cold Spring Harbor Symp. Quant. Biol. 47, 189-195.
2. Orbach, M.J., Vollrath, D., Davis, R.W., and Yanofsky, C. (1988) Mol.
Cell. Biol. 8, 1469-1473.
3. Smith, S.B., Aldridge, P.K., and Callis, J.B. (1989) Science 243, 203-206.
4. Schwartz, D.C. and Koval, M. (1989) Nature 338, 520-522.
5. Chu, G., Vollrath, D., and Davis, R.W. (1986) Science 234, 1582-1585.
6. Serwer, P. (1987) Electrophoresis 8, 301-304.
7. Southern, E.M., Anand, R., and Brown, W.R.A. (1987) Nucleic Acids Res.
15, 5925-5943.
8. Clark, S.M., Lai, E., Birren, B.W., and Hood, L. (1988) Science 241,
1203-1205.
9. Birren, B.W., Lai, E., Clark, S.M., Hood, L., and Simon, M.I. (1988)
Nucleic Acids Res. 16, 7563 -7582.
10. Stemnberg, N. (1990) Proc. Natl. Acad. Sci. USA 87, 103-107.
